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with the extracellular matrix (Borradori and Sonnenberg,
1996).
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64 contributes to neoplastic invasion, the intracellularUniversity of Torino School of Medicine
signals responsible for such activity have been partially10060 Candiolo (Torino)
elucidated. In epithelial cells, engagement of 64 pro-Italy
motes cell cycle progression by recruitment of the adap-
ter protein Shc to the 4 cytoplasmic domain, with con-
sequent activation of the Ras-MAPK cascade (Mainiero
Summary et al., 1995, 1997). Ectopic expression of this integrin in
64-deficient breast carcinoma cells markedly en-
64 integrin and the Met receptor for HGF have been hances their invasive potential through a preferential
shown independently to promote invasive growth. We targeting of PI3K activity (Shaw et al., 1997). Finally,
demonstrate here that Met selectively associates with 64 can promote the PKB/Akt-dependent survival of
64. In carcinoma cells expressing Met alone, HGF carcinoma cells that lack functional p53 (Bachelder et
does not exert significant biological effects. Ectopic al., 1999). Because 64 does not display an intrinsic
expression of 64 restores HGF-regulated processes. catalytic activity, it is plausible that interaction with one
Following Met activation, 64 is tyrosine phosphory- or more molecules endowed with an enzymatic function
lated and combines with Shc and PI3K, generating is required to prime the transduction of 64-dependent
an additional signaling platform that potentiates HGF- responses.
triggered activation of Ras- and PI3K-dependent path- In an attempt to understand the molecular mecha-
ways. In the presence of an 64 mutant defective for nisms whereby signals emanating from 64 are trig-
Shc recruitment, Met cannot sustain HGF-mediated gered, we speculated that the activity of this integrin
responses. Surprisingly, a truncated 4 unable to bind could be influenced by the Met tyrosine kinase, the re-
laminins retains the activity of wild-type 64. Such ceptor for Hepatocyte Growth Factor (HGF) (Giordano
findings invoke an unexpected role for 64 in cancer et al., 1989; Bottaro et al., 1991; Naldini et al., 1991).
invasion as a functional amplifier of biochemical out- Similar to 64, Met is crucially involved in the control
puts rather than a mechanical adhesive device. of invasive growth. Under physiological conditions, in-
cluding embryonic development and organ regenera-
tion, Met contributes to the establishment of normalIntroduction
tissue patterning by mediating cell proliferation, disrup-
tion of intercellular junctions, migration through provi-The malignant behavior of carcinoma cells is not simply
sional extracellular matrices, and protection from apo-due to weakening or loss of proliferation constraints.
ptosis (Stoker et al., 1987; Nakamura et al., 1989;Much more dangerously, cancer cells are able to detach
Montesano et al., 1991). Coordinated execution of thesefrom the primary site of accretion and invade foreign
processes accounts for the onset and maintenance ofcompartments, where they may migrate, multiply, and
normal organ complexity and architecture. In transformedsurvive, giving rise to neoplastic invasive growth.
tissues, deregulation of such interplay is responsible forUnraveling the program that dictates how a carcinoma
cancer progression and metastasis. Specifically, follow-in situ can progress toward a metastatic tumor is one
ing HGF stimulation or upon Met constitutive activation,
of the most challenging issues in the pathobiology of
neoplastic cells are induced to disaggregate from the
cancer. 64 integrin, a receptor for laminins, is likely
tumor mass, erode basement membranes, infiltrate stro-
to play a critical role in the positive regulation of invasive mal matrices, and eventually colonize new territories to
growth. A number of pathological studies have corre- form metastases (Jeffers et al., 1996; Meiners et al.,
lated 64 overexpression with deregulation of cell pro- 1998). A direct role for Met in the metastatic behavior of
liferation and/or progression to aggressive carcinomas. human tumors has been repeatedly proposed. Germline
In psoriasis, a hyperproliferative inflammatory skin dis- and somatic missense mutations in the Met catalytic
order, suprabasal expression of 64 in the epidermis domain have been detected in papillary renal carcino-
associates with increased growth rates (Pellegrini et al., mas (Schmidt et al., 1997). Neoplastic cells harboring
1992). This integrin is overexpressed in metastatic squa- activating mutations of the Met gene undergo clonal
mous cell cancers and at the invading front of gastric expansion during the metastatic spread of squamous
carcinomas, and is synthesized de novo in invasive thy- cell carcinomas (Di Renzo et al., 2000). In colorectal
roid carcinomas (Rabinovitz and Mercurio, 1996). In neoplasms, amplification of the Met gene provides a
striking contrast to its function in neoplastic elements, selective advantage that favors the ability to metastasize
64 in normal epithelial cells is necessary for the forma- to the liver (Di Renzo et al., 1995).
tion of stable adhesive structures, named hemidesmo- The signaling mechanisms responsible for the biologi-
somes, that link the intermediate filament cytoskeleton cal responses evoked by HGF are well documented.
The carboxy-terminal domain of the Met receptor in-
cludes two critical tyrosine residues that, when phos-1 Correspondence: ltrusolino@ircc.unito.it
2 These authors made equal contributions to this work. phorylated, together form a multifunctional docking site
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Figure 1. Met Associates Selectively and Constitutively with 64
(A) Specific interaction between Met and 64. Left panels: Extracts were immunoprecipitated with antibodies against the 4 and 1 integrins
or with preimmune serum (p.i.), and Western blots probed with anti-Met (upper panel) or anti-integrin antibodies (lower panels). Right panels:
Reverse experiment.
(B) Association is specified by both the extra- and intracellular domains of Met. COS cells were cotransfected with vectors encoding 4 along
with Met, Ron, or the indicated mutants. Lysates were immunoprecipitated with antibodies against the cytoplasmic domain of Met (to isolate
Met, Ron-Met, Tpr-Met, and Tpr-jMet) and Ron (to isolate Ron and Met-Ron), or with an anti-Myc mAb (to isolate the Met extracellular
fragment). Western blots were probed with antibodies against 4 (upper panels) or with the same antibodies used for immunoprecipitation
(lower panels).
(C) Constitutive interaction between Met and 64. Adherent cells were left untreated, detached, or incubated with cytochalasin-D. Extracts
were immunoprecipitated with anti-4 antibodies or preimmune serum (p.i.). Western blots were probed with anti-Met (left panel) or anti-4
(right panel) antibodies.
(D) Met and 64 colocalize in intact A431 cells. Cells were subjected to double immunostaining with anti-4 (upper panels) or anti-1 (lower
panels) mAbs together with an anti-Met polyclonal antibody. Scale bar: 10 m.
for multiple transducers and adapters (Ponzetto et al., binding laminins still retains the signaling activity of wild-
type 64 and is sufficient to mediate HGF-dependent1994; Weidner et al., 1996; Boccaccio et al., 1998).
Among such molecules, several studies have demon- cell migration. Altogether, these data suggest that this
integrin functions as an adapter protein necessary forstrated that cooperation between the Ras- and PI3K-
dependent pathways is required to efficiently trigger the completion of Met signaling during cancer invasion,
in a manner independent of its adhesive role.proliferation, motility, and survival (Potempa and Ridley,
1998; Bardelli et al., 1999).
In this paper, we demonstrate that64 and Met phys- Results
ically associate and form a constitutive complex at the
membrane of carcinoma cells. Met activation results in Met Forms a Selective Complex with 64 Integrin
Given the contribution of both Met and 64 to thetyrosine phosphorylation of the 4 cytoplasmic domain,
which in turn recruits Shc and PI3K. This creates a paral- process of invasive growth, we first analyzed whether
these two molecules can form a complex. To test thislel docking platform that cooperates with Met to potenti-
ate stimulation of downstream targets, in order to possibility, extracts of GTL-16 cells, which overexpress
a constitutively active form of Met, were immunoprecipi-achieve full execution of Met-dependent responses. In
the absence of 64 or in the presence of an 64 tated with anti-integrin antibodies and blotted with an
anti-Met antiserum. The results revealed that64 asso-mutant defective for Shc recruitment, the transductional
apparatus of Met is unable to activate the signaling path- ciates with Met (Figure 1A, left panels). In a mirror experi-
ment, GTL-16 cells were immunoprecipitated with theways above the threshold level required for induction of the
biological effects. Moreover, a4 mutant subunit devoid of anti-Met antiserum and blotted with anti-integrin anti-
bodies. Even in this case, 64 interacted with Met (Fig-most of the extracellular domain and thus incapable of
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ure 1A, right panels). Analogous results were obtained the NP40 soluble Met coprecipitated with 4 and 5% of
when two mAbs recognizing different epitopes on Met, total 4 could be recovered in Met immunoprecipitates.
DL-21 and DO-24 (Prat et al., 1998), were used as precip- Because of the disruptive nature of solubilization with
itating antibodies (not shown). The binding between Met detergents, these numbers probably underestimate the
and 64 is specific, as no coimmunoprecipitation of stoichiometry of the association in vivo, but suggest
Met was observed with antibodies against 1 or 3 in- that both molecules also exist in a noncomplexed form.
tegrins, nor with preimmune control serum. The observation that the two molecules interact in
To examine whether 64 interacts specifically with the absence of growth factor stimulation indicates that
Met or also with other receptor tyrosine kinases, we ligand-dependent activation of Met is not required to
set up coimmunoprecipitation experiments in COS cells sustain the formation of the complex. To further extend
transiently overexpressing 4 along with the Ron recep- the characterization of this complex, we explored the
tor, a protein which shows extensive homology with role of cell adhesion as well as cytoskeletal integrity
Met, or the EGF receptor. These experiments showed on the ability of Met and 64 to interact physically.
that 4 could be brought down by antibodies against Accordingly, we detached A431 cells and kept them in
Met, but was not present in Ron (Figure 1B, left panels) suspension before lysis, or treated them with cytochal-
or EGF receptor (not shown) immunoprecipitates. There- asin-D, an inhibitor of actin polymerization. In both ex-
fore, the association between Met and 4 is unique for periments, Met could still be recovered from the anti-4
both partners and does not even extend to structurally immune complexes (Figure 1C). Taken together, these
related molecules. findings argue for the formation of a stable, constitutive
We took advantage of this finding to draw a dissection complex between Met and 64, which is not affected
of the Met sequences involved in the association with by integrin engagement or disruption of the actin-based
4. To this aim, we initially used two chimaeric constructs: cytoskeleton.
the first one (Met-Ron) consisted of the extracellular Finally, to analyze the subcellular distribution of Met
domain of Met fused to the transmembrane and intracel- and 64 and to verify whether physical association
lular portions of Ron; the second construct (Ron-Met) results in protein colocalization, A431 cells were fixed,
was a reverse molecule in which the Ron extracellular permeabilized, and subjected to double immunofluores-
region was coupled to Met transmembrane and cyto- cent staining. As shown in Figure 1E, a significant frac-
plasmic domains. To our surprise, both chimaeric proteins tion of Met codistributes with 4 in discrete, patchy
were able to coimmunoprecipitate with 4, although to areas of the cell. As a control, A431 cells were also
a lesser extent (Figure 1B, left panels). Because Ron- double immunostained for Met and 1 integrins, and no
specific sequences have been demonstrated not to in- colocalization could be observed (Figure 1D).
teract with 4, these data suggest that both extra- and
intracellular modules within the Met protein mediate as- Met Requires 64 to Promote Cell Invasion
sociation with the integrin, even if the overall tertiary Independent of the Integrin Adhesive Function
structure of full-length Met is likely to favor the associa- To test whether interaction of Met with 64 can modify
tion. The observation that 4 binding function is distrib-
Met-dependent biological responses, we examined
uted at multiple sites throughout Met was further sup-
MDA-MB-435 cells, which do express Met but are de-
ported by coimmunoprecipitation using the following
void of 64, and their counterpart cells stably trans-
Met deletion mutants: (1) Tpr-Met, a hybrid protein con-
fected with a 4 cDNA (Shaw et al., 1997). Coimmuno-taining a sequence from the TPR locus fused with the
precipitation experiments revealed that transfected 4intracellular portion of Met, without the Met juxtamem-
associates with the endogenous 6 subunit to form thebrane domain; (2) Tpr-juxtaMet, a Tpr-Met variant con-
64 heterodimer, as well as with endogenous Met (nottaining the juxtamembrane domain; and (3) a soluble
shown).Met fragment composed of Met extracellular portion
The role of 64 in HGF-stimulated cell motility wasfused to a Myc epitope. As expected, all these mutants
analyzed by comparing the ability of mock versus 4were found to combine with 4 (Figure 1B, right panels).
transfectants to migrate across Matrigel (Figure 2A).The presence of repeated interaction sites has been
Treatment with HGF dramatically increased the rate ofalready documented for other oligomeric receptor com-
invasion of the 4 transfectants. In contrast, mock cellsplexes, such as the one formed between neuropilin-1
lacking 64 were refractory to HGF. To assess whetherand plexin 1 (Takahashi et al., 1999).
the selective invasive response of 4 transfectants wasTo determine whether association between Met and
due to the adhesive activity of the 64 integrin, we64 is a more general phenomenon, we decided to
performed the chemoinvasion assays on laminin-5, abroaden our analysis using A431 cells, where Met is ex-
specific matrix ligand for 64, and fibronectin, an unre-pressed at intermediate levels and is not constitutively
lated substrate (Figure 2A). Interestingly, HGF-stimu-active. Indeed, Met was coimmunoprecipitated by anti-
lated 4 transfectants efficiently invaded not only4 antibodies in extracts from nonstimulated, stably ad-
laminin-5, but also fibronectin, indicating that 64 pro-herent A431 cells (Figure 1C). While 4 immunoprecipi-
motes invasion in a substrate-independent manner.tates contained a remarkable amount of Met, antibodies
Again, mock cells were unresponsive to HGF.to Met weakly pulled down 4 (not shown). This could
The finding that, in some cellular contexts, 64 canbe due to the fact that, because A431 cells form hemi-
function independent of its adhesive role agrees withdesmosomes (Rabinovitz et al., 1999), a quota of 64
previous reports (Chao et al., 1996; Shaw et al., 1997)might be tethered by the cytokeratin intermediate fila-
and was substantiated in three different experimentalments and therefore become insoluble in nonionic deter-
gents. Densitometric analysis showed that 25%–30% of settings: (1) basal adhesion to the specific ligand lami-
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Figure 2. HGF Requires the Met-64 Com-
plex to Elicit Cell Invasion
(A) HGF induces invasion in cells expressing
the Met-64 complex, but not in cells ex-
pressing Met alone. Invasion assay of MDA-
MB-435 mock and 4 transfectants through
Matrigel, laminin-5, and fibronectin. Numbers
on the y axes of the graphs indicate the in-
crease, in folds, of invasion compared to non-
stimulated mock transfectants.
(B–D) The activity of 64 is independent of
the integrin adhesive function. Invasion assay
of MDA-MB-435 4 transfectants in the pres-
ence or absence of anti-4 (B) or anti-1 (C)
antibodies. (D) Invasion assay using MDA-
MB-435 mock and 4-extra transfectants.
(E–G) 64 is necessary for HGF-dependent
cell invasion in other cell systems. (E) Invasion
assay using RKO mock, 4, and 4-extra
transfectants. (F) Invasion assay using A431
mock and 4-AS transfectants. (G) Western
blot analysis of 4 expression in A431 mock
() and 4-AS () transfectants.
All records expressed in this figure are
means  SD of three separate experiments
performed in triplicate.
nin-5 was not increased in the 4 transfectants com- we studied how 64 expression can affect the HGF-
pared to mock cells (not shown); (2) anti-adhesive anti- dependent invasive properties of another 4-deficient
bodies against 4 did not impair the ability of the 4 cell line, RKO colon carcinoma cells (Chao et al., 1996).
transfectants to invade Matrigel (Figure 2B), whereas To this aim, we stably expressed 4 and 4-extra in RKO
antibodies against 1 integrins drastically reduced cell cells and analyzed their migratory behavior in chemoinva-
migration (Figure 2C); and (3) we generated a 4 mutant sion assays. Similar to the result observed in MDA-MB-
subunit lacking most of the extracellular region, which 435 cells, both 4 and 4-extra RKO transfectants in-
is responsible for binding to laminins. This truncated vaded Matrigel significantly better than the mock transfec-
variant (4-extra) was stably expressed in MDA-MB-435 tants following HGF stimulation (Figure 2E).
cells and found to associate with endogenous Met, but In addition, we wanted to elucidate whether4 quanti-
not with the 6 integrin subunit (not shown; see also tative downregulation is able to attenuate the biological
Nievers et al., 1998). When assayed for their ability to responses to HGF in cells endogenously expressing the
invade Matrigel, MDA-MB-435 4-extra transfectants Met-64 complex. To specifically deplete4 from A431
responded efficiently to HGF, displaying a migration rate cells, we used retrovirus-mediated transfer of an antisense
comparable to that of wild-type64 transfectants (Figure 4 construct (4-AS). Immunoblotting confirmed that the
2D). Taken together, these results propose a role for the level of 4 was dramatically reduced in 4-AS A431 cells,
Met-64 complex as a coordinated apparatus in which whereas Met expression did not change (Figure 2G).
the integrin does not act as a mechanical adhesive device, When tested in Transwell invasion assays, 4-AS A431
but rather as a functional amplifier of Met outputs. transfectants responded poorly to HGF stimulation,
whereas mock cells migrated in large numbers across
Matrigel (Figure 2F). This finding strengthens our as-Met Requires 64 for HGF-Dependent
sumption that HGF does not exert significant effects inResponses in Different Cell Lines
cells expressing Met alone, and that 64 expressionTo determine whether the association between Met and
64 is also biologically meaningful in other cell systems, is necessary for HGF-dependent cell invasion.
An Adapter Function for 64 Integrin
647
cells. As a final approach to recapitulate the contribution
of 64 to the invasive phenotype promoted by HGF,
we analyzed the ability of MDA-MB-435 mock and 4
transfectants to sustain anchorage-independent growth
(Figure 3C). In soft agar assays, the colonies formed
by mock cells were numerically and dimensionally very
small, independent of the presence of HGF. Conversely,
4 transfectants showed an increased anchorage-inde-
pendent growth potential and produced a great number
of large colonies in response to HGF (Figure 3C, see
graphs and micrographs).
Since MDA-MB-435 cells express a functionally active
EGF receptor (Adelsman et al., 1999), all the abovemen-
tioned experiments were also performed following treat-
ment with EGF. Stimulation with this growth factor ex-
erted undistinguishable effects on both the mock and
the4 transfectants in all the assays considered (Figures
2 and 3). This result indicates that ectopic expression
of 4 does not generically modify the biological proper-
ties of MDA-MB-435 cells and supports the specificity
of the functional cooperation between Met and 64.
In vivo, dermal fibroblasts represent a common source
of HGF, which can act in a paracrine fashion on subcuta-
neously injected epithelial tumors (Date et al., 1998). To
ultimately investigate the biological significance of the
cooperation between Met and 64 in an in vivo model
of neoplastic invasive growth, we decided to analyze
the ability of MDA-MB-4354 versus mock transfectants
to produce lung metastases after establishment of xeno-
graft tumors in nude mice. After eight weeks, all animals
developed primary tumors with a mean volume of ap-
proximately 2500 mm3. No differences in length of lag
phase (time to palpable masses) were observed between
mock and 4 MDA-MB-435 tumors. Lungs were re-
moved at autopsy, dissected, and stereomicroscopi-
cally inspected for the presence of metastatic nodules.Figure 3. HGF Elicits the Whole Program of Invasive Growth in MDA-
MB-435 Cells Expressing the Met-64 Complex, but Not in Cells Three of 10 mice (30%) injected with mock cells had
Expressing Met Alone only one visible metastasis on the surface of the lungs,
(A) Proliferation assays. Stimulation with 10% FCS was used as a in agreement with previous reports (Yi and Ruoslahti,
control. Numbers on the y axis of the graphs indicate fold-increase 2001); in contrast, seven of 10 mice (70%) bearing
of proliferation.
4-positive tumors showed multiple pulmonary metas-
(B) Survival assays. Numbers on the y axis indicate percentage of
tases (range, 1–20; p  0.05; Figure 3D). Such resultssurvival.
suggest that the Met-64 complex is able to reproduce(C) Soft agar assays. Values on the y axis indicate fold-increase of
the number of colonies. All records expressed in this figure are an invasive/metastatic response also in vivo.
means  SD of three separate experiments performed in duplicate. Combined, all these findings imply that association
(D) Formation of lung metastases after subcutaneous inoculation of of Met with 64 is a prerequisite for execution of the
MDA-MB-435 mock and 4 transfectants in nude mice. A represen- whole array of events commonly induced by HGF in
tative image of lungs from a mouse injected with mock cells (left)
carcinoma cells. In the absence of 64, Met activationor with 4 transfectants (right) is shown.
is not sufficient per se to produce any significant biologi-
cal outcome.
Met Requires 64 for Full Accomplishment
of Neoplastic Invasive Growth Met Activation Induces Tyrosine Phosphorylation
of the 4 Integrin SubunitTo further define the spectrum of Met-dependent biolog-
ical events modulated by 64, we examined whether To get insight into the possible mechanisms by which
Met could regulate the activity of 64 within the com-MDA-MB-435 mock and 4 transfectants behave differ-
ently in two other typical processes commonly con- plex, we asked whether treatment with HGF could in-
duce tyrosine phosphorylation of 64. In fact, HGFtrolled by HGF, namely induction of cell growth (Figure
3A) and protection from apoptosis (Figure 3B). In both stimulation of A431 cells increased the 4 phosphotyro-
sine content in a dose-dependent manner, indicatingassays, only cells expressing the Met-64 complex
responded efficiently to HGF. In contrast, HGF was com- that 64 is a target of Met kinase activity (Figure 4A).
Besides ligand stimulation, Met activation can be ob-pletely ineffective on mock transfectants.
Migration, proliferation, and protection from apo- tained by protein overexpression (Ponzetto et al., 1991).
Indeed, in GTL16 cells, which overexpress a constitu-ptosis are the hallmarks of invasive growth in carcinoma
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tively active form of Met, 4 was also found to be
constitutively tyrosine phosphorylated (not shown). To
further confirm this observation, COS cells were tran-
siently cotransfected with vectors encoding wild-type
Met (MetWT) and 4. Under these conditions, the overex-
pressed kinase receptor underwent ligand-independent
activation, and similarly, the 4 subunit was highly tyro-
sine phosphorylated (Figure 4B). In contrast, coexpres-
sion of 4 with a kinase-inactive counterpart of Met
(MetK; Longati et al., 1994) resulted in lack of tyrosine
phosphorylation for both the receptor and the integrin
(Figure 4B).
During this set of cotransfection experiments, we ad-
ditionally sought to explore whether the 4 subunit is
phosphorylated directly or via intermediate transducers.
To this aim, we exploited a Met receptor mutant in which
the two tyrosines of the multifunctional docking site had
been substituted with phenylalanines. Such a mutant
(MetD) is unable to recruit signaling molecules, yet fully
retains the enzymatic function of the wild-type receptor
(Ponzetto et al., 1994). Upon coexpression of MetD and
4 in COS cells, both molecules appeared to be signifi-
cantly tyrosine phosphorylated, suggesting direct trans-
fer of the phosphate group (Figure 4B). Of course, we
cannot rule out that kinases other than those associated
with the Met docking site might phosphorylate the integ-
rin, although this seems unlikely.
In tumor cells, a peculiar way to obtain Met activation
is by cell attachment. Different from other growth factor
receptors, activation of Met by cellular adherence is not
affected by the type of adhesive substrate and also
occurs upon disruption of the actin cytoskeleton (Wang
et al., 1996). Interestingly, when associated with Met,
64 acts in a substrate-independent manner and the
Met-64 complex is preserved following microfilament
disintegration (see above). Based on these analogies,
we hypothesized that Met activation in response to cell
attachment could correlate with tyrosine phosphoryla-
tion of the 4 subunit. To validate this prediction, serum
starved A431 cells were detached and either kept in
suspension or plated for different times on poly-L-lysine,
an artificial substrate to which cells adhere without in-
tegrin engagement, fibronectin, and laminin-5. As ex-
pected, cell adhesion to all of these substrates resulted
in activation of Met (Figure 4C; not shown for laminin-
5). Intriguingly, 4 also appeared to be highly tyrosine
phosphorylated following cell attachment to all sub-
strates (Figure 4C). Concomitant and synchronous
phosphorylation of both Met and 64 under the same
adherence conditions further supports the notion that
Met catalytic activity impinges on the integrin through
phosphorylation of its 4 subunit. Moreover, the fact
that 64 is also phosphorylated upon adhesion to non-
Figure 4. Met Activation Results in Tyrosine Phosphorylation of 64 functional substrates, such as poly-L-lysine, or unre-
(A) HGF stimulation. A431 cell extracts were immunoprecipitated lated matrix ligands, such as fibronectin, confirms its
with anti-4 antibodies and Western blots were probed with antibod- role as a Met-associated signaling molecule rather than
ies against phosphotyrosine (upper panel) or 4 (lower panel).
a pure receptor for laminins.(B) Protein overexpression. COS cells were cotransfected with vec-
tors encoding 4, MetWT, MetD, and MetK. Lysates were immunopre-
cipitated with antibodies against Met (left panels) or4 (right panels).
Western blots were probed with an anti-phosphotyrosine antibody L-lysine or fibronectin. Extracts were immunoprecipitated with anti-
(upper panels) or with antibodies against the immunoprecipitated Met (upper two panels) or anti-4 (lower two panels) antibodies.
proteins (lower panels). Western blots were probed with antibodies against phosphotyro-
(C) Cell attachment. Serum-starved A431 cells were detached and sine, and reprobed with antibodies against the immunoprecipitated
either kept in suspension or plated for the indicated times on poly- proteins.
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Figure 5. Tyrosine phosphorylated 64 Re-
cruits Shc and PI3K and Amplifies HGF-Depen-
dent Signals
(A) COS cells were cotransfected with vectors
encoding 4 and either MetK or MetD. Ex-
tracts were incubated with agarose-immobi-
lized GST fusion proteins corresponding to
the SH2 domain of Shc or the carboxy-termi-
nal SH2 domain of PI3K. Bound proteins were
analyzed by probing with antibodies against
4. GST alone was used as a control. One-
tenth of the total lysates were loaded to verify
equal input of 4.
(B and C) MDA-MB-435 mock and 4 trans-
fectants were stimulated with 100 ng/ml HGF
for the indicated times. Cell extracts were im-
munoprecipitated with antibodies against
Shc (B) or PI3K (C). Western blots were
probed with an anti-phosphotyrosine anti-
body (B and C, upper panels) or with antibod-
ies against Shc (B, lower panel) or PI3K (C,
lower panel).
(D and E) MDA-MB-435 mock and 4 trans-
fectants were stimulated with 100 ng/ml HGF
for the indicated times. Total lysates were
resolved by SDS-PAGE, Western blotted, and
probed with antibodies against active and to-
tal MAPK (D) or against active and total PKB/
Akt (E).
(F and G) MDA-MB-435 mock and 4-extra
transfectants were stimulated with 100 ng/
ml HGF for the indicated times. Total lysates
were resolved by SDS-PAGE, Western blot-
ted, and probed with antibodies against ac-
tive and total MAPK (F) or against active and
total PKB/Akt (G).
A Mechanism for Amplification of Met Signaling: contains two tyrosine-based motifs potentially able to
combine with the Shc SH2 domain, whereas it doesTyrosine Phosphorylation of 4 Recruits Shc
and PI3K not include the consensus sequence for p85 binding
(Cantley and Songyang, 1994). This suggests that PI3KThe requirement for 64 in HGF-regulated cellular re-
sponses and the observation that the 4 subunit is tyro- could associate with 4 indirectly, possibly through Shc,
as recently proposed (Besset et al., 2000).sine phosphorylated upon Met activation lead to the
hypothesis that 64 may provide Met with additional
docking sites necessary for optimal activation of Met- 64 Signals Potentiate HGF-Dependent
Activation of MAPKs and PKB/Aktdependent transduction pathways.
It has been demonstrated that the 4 cytoplasmic do- Based on these findings, we explored whether HGF
could activate Shc- and PI3K-dependent signals withmain can bind to the adapter protein Shc (Mainiero et al.,
1995, 1997) and activate PI3K (Shaw et al., 1997). To test higher efficacy in cells expressing the Met-64 com-
plex compared to cells expressing Met alone. In fact,if Met-dependent phosphorylation of 4 results in recruit-
ment of Shc and PI3K, COS cells were transiently co- for both p52Shc and PI3K, the effect of HGF was
stronger and more sustained on MDA-MB-435 4transfected with vectors encoding 4 and either MetK,
which is catalytically inactive and thus unable to phos- transfectants than on mock cells (Figures 5B and 5C).
We next evaluated the extent of activation of Shc andphorylate 4, or MetD, which can phosphorylate 4 but
is incapable of recruiting signal transducers by itself. PI3K downstream transducers. The adapter molecule
Shc is involved in the intracellular transmission of signalsThe resulting extracts were incubated with agarose-
immobilized GST fusion proteins corresponding to the from tyrosine phosphorylated proteins to the Ras/MAPK
cascade (Bar-Sagi and Hall, 2000), while a common sub-SH2 domain of Shc and the carboxy-terminal SH2 do-
main of PI3K p85 subunit. The results revealed that 4 strate of PI3K is the PKB/Akt serine/threonine kinase
(Franke et al., 1995). Even in this case, the amplitude andcould interact with both Shc and PI3K in lysates from
cells transfected with MetD, but not MetK (Figure 5A). persistence of MAPK and PKB/Akt activation following
HGF stimulation were much more robust in4 comparedThe association of PI3K with tyrosine phosphorylated
4 was much lower than that of Shc. Indeed, the 4 tail to mock transfectants (Figures 5D and 5E).
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These findings suggest that4-Shc acts as a nonsig-
naling molecule, unable to cooperate with Met for efficient
activation of downstream transducers. Indeed, the degree
of HGF-triggered activation of MAPKs and PKB/Akt in
MDA-MB-435 4-Shc transfectants, compared to wild-
type 4 cells, was much more modest (Figure 6D).
In summary, such results indicate that the additional
Shc docking sites provided by the integrin within the
Met-64 complex are responsible for amplification of
Met signals and represent an absolute requirement for
Met-dependent biological outcomes. Whether Shc re-
cruitment, besides being necessary, is also sufficient to
promote such effects remains to be established.
Discussion
In this paper, we report that HGF-dependent invasion
of carcinoma cells requires physical association be-
tween the Met tyrosine kinase receptor and 64 integ-
Figure 6. An64 Mutant Unable to Bind Shc Prevents HGF-Depen- rin, which together form a functional complex necessary
dent Signals and Cell Responses
for completion of the Met signaling apparatus. Upon
(A and B) The 4-Shc mutant cannot restore HGF-dependent inva- Met activation, 4 is tyrosine phosphorylated and incor-sion. Invasion assay using MDA-MB-435 (A) or RKO (B) cells.
porates an additional complement of signaling mole-(C) Dominant-negative effect of the 4-Shc mutant in A431 cells
cules, namely Shc and PI3K. Such effectors synergizeexpressing endogenously the Met-64 complex. Invasion assay
using A431 mock and 4-Shc transfectants. with those directly associated with the Met cytoplasmic
(D) 4-Shc is unable to amplify Met-dependent signals. MDA-MB- tail to activate, in a robust and sustained manner, down-
435 4 and 4-Shc transfectants were stimulated with 100 ng/ml stream transducers. This, in turn, is instrumental to
HGF for 15 min. Total lysates were resolved by SDS-PAGE, Western reaching the threshold level required for specificity andblotted, and probed with antibodies against active and total MAPK
efficacy of the biological outcome. This unexpected(left panels) or against active and total PKB/Akt (right panels).
adapter activity of 64 is totally independent of the
integrin adhesive role and resides solely in the 4 cyto-
plasmic domain. This conclusion is based on two setsFinally, to reinforce the notion that integrin engage-
of data. First, a truncated 4 variant lacking most of thement is dispensable for 64 signaling activity, we ana-
extracellular domain, and therefore devoid of the bindinglyzed the contribution of the 4-extra mutant, which
region for matrix ligands, acts as efficiently as wild-typedoes not bind laminins, to the HGF-triggered activation
64. Second, an 64 mutant, in which the intracellularof MAPK and PKB/Akt. In MDA-MB-435 cells stably ex-
sites for Shc recruitment have been disrupted, behavespressing this mutant, HGF could activate both pathways
as a nonfunctional molecule unable to accomplish HGF-as efficiently and durably as in wild-type 4 transfec-
dependent signals and cellular processes.tants (Figures 5F and 5G). Altogether, these results
strengthen the function of 64 as a crucial amplifier of
Met signals independently of its role as a matrix re- 64 Triggers Intracellular Signals Independent
of Cell Adhesionceptor.
Integrin signaling has always been conceptually and
experimentally linked to cell adhesion and cytoskeletalUncoupling 64 from Shc Prevents
HGF-Dependent Responses reorganization (Giancotti and Ruoslahti, 1999). Here we
show that 64 is able to generate signals as a conse-It has been recently demonstrated that Shc associates
with tyrosine phosphorylated 4 through preferential quence of tyrosine kinase activation, rather than a con-
sequence of cell adhesion. In other words, the limitingbinding of tyrosines 1440 and 1526 (Dans et al., 2001).
Conceivably, disruption of 64 interaction with Shc factor is not integrin ligation, but receptor catalytic ac-
tivity.could abrogate or at least weaken the adapter function
of the integrin, thus impairing its role in the completion The possibility of dissociating the signaling function
of 64 from its role as a matrix receptor could helpof Met signaling and in the execution of HGF-dependent
processes. Interestingly, upon HGF stimulation, the rate explain some apparent paradoxes that, historically, have
complicated our interpretation of how integrins behaveof invasion of MDA-MB-435 and RKO cells stably ex-
pressing a 4 mutant carrying phenylalanine substitu- in situations that do not promote their mechanical clus-
tering. Numerous immunohistochemical studies havetions of the Shc docking tyrosines (4-Shc) was 6- to
8-fold lower than that of wild-type 4 transfectants (Fig- correlated 64 expression and localization with the
process of carcinoma invasion (Rabinovitz and Mercu-ures 6A and 6B), despite comparable levels of protein
expression. The 4-Shc subunit could also exert a domi- rio, 1996), and several in vitro studies have demon-
strated that ectopic expression of 64 in 4-deficientnant negative effect in cells endogenously coexpressing
Met and 64. Specifically, A431 4-Shc transfectants carcinoma cells significantly increases the rate of inva-
sion of these cells through different substrates (Chaodisplayed a drastic reduction in their invasive response
to HGF with respect to mock cells (Figure 6C). et al., 1996; Shaw et al., 1997). Yet, a question has re-
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mained unanswered: how can 64, a receptor for lami- transducers and adapters from a preexisting pool of
public signaling cassettes. More intriguingly, our datanins, drive invasion through stromal matrices that do
not contain laminins? Here we offer an explanation by suggest that selectivity of the transduction cascade can
be qualitatively achieved by preferential interaction ofshowing that 64 is able to generate signals when it
is not engaged by laminins, and thus provides cells tyrosine kinase receptors with a unique protein that pro-
vides a private docking platform for further generationwith a selective advantage by potentiating intracellular
transduction pathways even in the absence of a proper of intracellular signals. From this perspective, 64 can
be seen as both an adapter and a scaffold protein: simi-adhesive environment. Implicit in these observations is
the fact that, while cooperation between Met and 64 lar to the colocalization of successive members of a
MAPK cascade on the JIP scaffold proteins (Davis,is a hallmark of neoplastic cells to efficiently promote
cancer progression, the role of the complex in normal 2000), the exclusive association between Met and 64
is likely to insulate the Met transductosome from closelyepithelial cells remains to be elucidated. Indeed, the
phenotypes of knockout mice for Met and 64 are related signaling pathways and prevent unwanted, as-
pecific cross-talk with components of other transduc-different, suggesting independent functions for the two
systems under physiological conditions. A likely hypoth- tional systems.
The repertoire of signaling molecules provided by theesis is that in normal cells, separate pools of free 64
and Met act in an autonomous fashion to mediate unre- 64 docking platform is crucial for driving the invasive
growth program controlled by Met. The Shc-activatedlated responses (for example, hemidesmosome assem-
bly and adhesion-dependent regulation of epithelial MAPK cascade is responsible for positive regulation of
cell cycle progression and motility (Bar-Sagi and Hall,growth and survival versus cell scattering and wound
healing). By contrast, in cancer cells, the activity of the 2000). Similarly, PI3K stimulates Rac-dependent cell mi-
gration and PKB/Akt-dependent cell survival (Datta etcomplex as a whole could be required for proper imple-
mentation of Met signaling potential during execution al., 1999). Interestingly, while the Shc-Grb2-Sos models
of Ras activation are well established for other receptorof the invasive response.
Another intriguing issue relates to the more general tyrosine kinases, it is not completely clear whether tyro-
sine autophosphorylation of the carboxy-terminal multi-process of neoplastic transformation. By definition,
transformed cells are able to proliferate and survive in docking site is the sole mechanism by which the activated
Met receptor can transmit Ras signaling. Trk-Met chi-an anchorage-independent fashion. The fact that 64
signals are independent of cell adhesion but contingent maeric receptors in which the two docking tyrosines
are substituted with phenylalanines and no longer bindon tyrosine kinase activation suggests that neoplastic
cells might evade matrix dependence by turning integ- either Grb2 or Shc can still induce a residual Ras-depen-
dent phosphorylation of the downstream MAPKs (Weidnerrins from adhesive devices into nonadhesive integrators
of oncogenic signaling pathways. In this scenario, the et al., 1995; Tulasne et al., 1999), raising the possibility
that HGF-dependent Ras activation can occur indepen-signaling amplification mechanisms underlying neoplas-
tic transformation could rely not only on deregulation of dently of a Met-Shc-Grb2-Sos complex. Our observa-
tion that Met mutants with phenylalanine substitutioncanonical checkpoints, but also on the contribution of
integrins as pure signaling enhancers. Indeed, the ob- of the docking tyrosines can still phosphorylate 64
suggests that Met activity for Ras signaling can in factservation that other integrin  subunits contain docking
tyrosines for Shc (Law et al., 1996) further supports the be bypassed by the Shc and PI3K molecules associated
with the phosphorylated integrin.possibility that integrins may display a pure adapter
activity for efficient activation of Ras-dependent path- In summary, the established notion that transduction
pathways are intrinsically ultrasensitive provides a bio-ways as a general rule.
chemical rationale for the existence of a signal threshold
and for the all-or-none character of many enzymatically64 Is a Potential Modulator of Met
regulated cell fate switches. Our results suggest thatSignal Specificity
specific biological responses are fulfilled only when theA much debated issue in the field of signal transduction
individual tyrosine kinase receptor superimposes on ge-is how activation of a given growth factor receptor can
neric outputs its own signaling profile, originated by com-elicit a unique response, yet stimulate a collection of
bining with unique partners able to fine-tune the nature ofintracellular signaling pathways that is common to most,
the pathways, their amplitude, timing, and synchrony.if not all, other tyrosine kinases. One possibility is that
differences in signal strength and endurance, and thus
Experimental Proceduresquantitative modulation of signal threshold, determine
the nature of the biological outcome (Schlessinger,
Antibodies and Extracellular Matrix Molecules2000). Such control could be further regulated by combi-
The polyclonal antibodies used in this study were obtained as fol-
natorial association with adapter proteins that, through lows: C12, anti-human Met, from Santa Cruz; 1922, anti-4 integrin,
interaction with additional signaling molecules, act as from Chemicon; anti-1 integrin, from I. De Curtis (San Raffaele
Scientific Institute, Milano, Italy); anti-Shc and anti-PI3K, from Up-amplifiers of the transduction cascade. Here we show
state Biotechnology; anti-active and total MAPK, from Promega;that the 64 integrin behaves as an adapter protein for
anti active PKB/Akt, from Cell Signaling; and anti-total PKB/Akt,the Met tyrosine kinase.
from New England Biolabs. Monoclonal antibodies 3E1, anti-4 in-This finding sheds a different light on what is known
tegrin, and 25E11, anti-3 integrin, were from Chemicon; 4G10, anti-
about the signaling mechanisms activated by receptor phosphotyrosine, from Upstate Biotechnology; and 9E10, anti-Myc,
tyrosine kinases. Signal specificity can also be modu- from Calbiochem. DL-21 and DO-24 mAbs, against human Met,
were produced in our laboratory. Human fibronectin and poly-L-lated by other means than quantitative recruitment of
Cell
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lysine were purchased from Sigma. Laminin-5 matrices were pre- protease and phosphatase inhibitors. Lysates were diluted with 9
volumes lysis buffer. Glutathione-agarose beads carrying Shc andpared as described (Sonnenberg et al., 1993).
PI3K GST fusion proteins were incubated with the denatured lysates
(20 g fusion protein/1 mg total proteins) for 2 hr at 4	C, washed,Cell Lines, Constructs, and Transfections
and boiled in SDS-PAGE sample buffer.A431 and COS cells were purchased from ATCC. GTL16 cells, de-
rived from a human gastric carcinoma, were obtained as previously
described (Giordano et al., 1989). RAC11/PSD cells were a gift of
Biological AssaysA. Sonnenberg (The Netherlands Cancer Institute, Amsterdam, The
Invasion assays were performed in Transwell chambers (Costar).Netherlands). The MDA-MB-435 cell line was provided by C. Crock-
The upper sides of the filters were coated with 15g/cm2 reconstitu-ett Orford (Lombardi Cancer Center, Washington, DC). RKO cells
ted Matrigel basement membrane (Collaborative Research). Inva-were provided by M. Gorospe (NIA, NIH, Baltimore, MD) and M.B.
sion through isolated matrix components was performed with filtersKastan (St. Jude Children’s Research Hospital, Memphis, TN).
coated on the lower side with 10 g/ml laminin-5 or fibronectin. 5 
A chimaeric Met-Ron construct was produced by PCR amplifica-
104 cells were seeded on the upper side of the filters and incubatedtion of the extracellular coding sequence of Met and the transmem-
in DMEM and 2% FCS, with 50 ng/ml HGF (Genentech) or 10 ng/brane and intracellular sequences of Ron. The two PCR products
ml EGF (Sigma), both added to the bottom wells of the chambers.were then used as template for a subsequent PCR to generate a
In some assays, cells were preincubated with the indicated amountsMet-Ron hybrid sequence. A 2.7 kb SalI-NcoI fragment of the hybrid
of anti-integrin antibodies for 1 hr at 4	C before seeding. After 24sequence was ligated to an NcoI-HindIII fragment corresponding to
hr, cells on the upper side of the filters were mechanically removed.the Ron receptor tail sequence, to replace the SalI-HindIII fragment
Cells migrated to the lower side were fixed with 11% glutaraldehydeof Met carboxy-terminus in the pcDNA3 plasmid. A similar strategy
in PBS and stained with 0.1% crystal violet in 20% methanol. Cellswas used to produce the Ron-Met construct, consisting of the extra-
were then counted using the ImageProPlus 4.0 imaging softwarecellular portion of Ron and the transmembrane and intracellular
(Media Cybernetics).domains of Met. The Ex-Met, Tpr-Met, Tpr-jMet, MetK, and MetD
To monitor cell proliferation, cells were starved in medium devoidmutants have been described previously (Ponzetto et al., 1994; Mi-
of serum and growth factors for 48 hr, detached, and plated at lowchieli et al., 1999; Vigna et al., 1999). The 4 -Shc construct, con-
density on microtiter plates. Cells were then incubated in serum-taining phenylalanine mutations of Y1440 and Y1526, was generated
free medium supplemented with 100 ng/ml HGF, 30 ng/ml EGF, orby two-step PCR of fragments comprised between the BssHII and
10% FCS for another 48 hr, fixed, stained, and counted.NotI as well as NotI and EcoRV sites of 4 Bluescript, followed by
To evaluate protection from apoptosis, cells cultured in DMEMsubcloning into pCLXSN. The 4 -extra construct was produced
and 2% FCS were preincubated for 24 hr with 100 ng/ml HGF or 30by PCR amplification of a fragment corresponding to the last seven
ng/ml EGF and then treated for 16 hr with 20 ng/ml staurosporin.amino acids of the 4 extracellular domain followed by the entire
Integrity of mitochondrial function was assayed by the ability oftransmembrane and cytoplasmic regions. The PCR product was
cells to convert soluble MTT into an insoluble dark blue formazanligated into the KpnI and XbaI sites of the pSecTagB vector (In-
reaction product. Cells were incubated with 50 g/ml MTT for 4 hr.vitrogen), which contains a 5 Ig-chain leader sequence and a 3
Cells that had incorporated MTT were then counted.Myc epitope. Correctness of all newly generated vectors was veri-
For analysis of colony formation in soft agar, cells were dilutedfied by automated sequencing.
to a concentration of 5 
 103 cells/ml in DMEM containing 10% FCSCell transfections were carried out by calcium phosphate, lipofec-
and 0.5% Seaplaque agar (Bioproducts) with or without added HGFtin, and DEAE-dextran methods. For transient transfections in COS
(30 ng/ml) or EGF (20 ng/ml). Cells were seeded in six-well platescells, the cDNAs were cloned in pCDNA3 or derived expression
containing a 1% agar underlay. Colonies were scored 10 days afterplasmids (Invitrogen). Pools of stably transfected MDA-MB-435,
seeding.RKO, and A431 cells were obtained by retroviral infection. Viral
hybrid vectors were produced by transient transfection of 293T cells
with the pCLXSN vector (Imgenex) containing the cDNA of interest Immunofluorescence
(full-length 4, 4 -Shc, and 4-AS) and a neomycin resistance Cells were grown on glass coverslips and fixed in a solution con-
cassette, a gag pol packaging construct derived from MLV, and a taining 3% paraformaldehyde and 2% sucrose in PBS for 5 min
third plasmid expressing the VSV envelope. After infection, neomy- at room temperature. Cells were then permeabilized by soaking
cin-resistant cells were isolated by selective growth in medium con- coverslips for 3 min at 4	C in HEPES-Triton X-100 buffer (20 mM
taining 1 mg/ml G418 (Gibco) and checked for transgene expression HEPES [pH 7.4], 300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, andby Western blot analysis. For the 4 -extra construct, cells were 0.5% Triton X-100). After saturation with PBS-2% BSA for 15 min
transfected with lipofectin and selected with 1 mg/ml zeocin (In- at 37	C, the primary antibodies were layered onto cells and incu-
vitrogen). bated in a moist chamber for 30 min. After rinsing in PBS-0.2%
BSA, coverslips were incubated with the appropriate rhodamine-
Biochemical Methods or fluorescein-tagged secondary antibody (Dakopatts) for 30 min at
For immunoprecipitations, 5 
 106 cells were lysed for 20 min at 37	C and then mounted in Mowiol 4-88 (Hoechst AG). Specimens
4	C with 1 ml of a buffer containing 50 mM HEPES (ph 7.4), 5 mM were observed with an inverted photomicroscope (model DMIRB
EDTA, 2 mM EGTA, 150 mM NaCl, 10% glycerol, and 1% NP40, in HC; Leica). Fluorescence images were captured using a cooled
the presence of protease and phosphatase inhibitors. Extracts were digital CCD Hamamatsu ORCA camera, digitally recorded with the
clarified at 12,000 rpm for 15 min, normalized with the BCA Protein ImageProPlus 4.0 imaging software, and then printed with an HP
Assay Reagent Kit (Pierce), and incubated with different mAbs for printer.
2 hr at 4	C. Immune complexes were collected with either protein
G- or protein A-Sepharose and eluted in the presence of 1 M LiCl.
Total cellular proteins were extracted by solubilizing the cells in Tumor Inoculation and Metastasis
Aliquots of 106 MDA-MB-435 mock and 4 cells suspended in 200boiling SDS buffer (50 mM Tris-HCl [ph 7.5], 150 mM NaCl, and 1%
SDS). Extracts were electrophoresed on SDS-polyacrylamide gels l of DMEM were inoculated subcutaneously into the right posterior
flank of two-month-old immunodeficient nu/nu female mice onand transferred onto nitrocellulose membranes (Hybond, Amer-
sham). Nitrocellulose-bound antibodies were detected by the en- Swiss CD1 background (Charles River Laboratories). Eight weeks
after tumor implantation, mice were killed, autopsied, and lung nod-hanced chemiluminescence system (ECL, Amersham). In pulse-
chase experiments, A431 cells were labeled with 100 Ci/ml 35S ules contrasted with black India ink to facilitate scoring. All counts
of surface metastatic colonies were performed on dissected lungmethionine and cysteine (Promix, Amersham) for 15 min and then
incubated in complete, nonradioactive medium for the indicated lobes under a stereoscopic microscope. The number of metastases
formed in the two groups was compared by Student’s t test. In thetimes.
For binding studies, COS cells transiently cotransfected with 4 statistical analysis, a p value  0.05 was considered statistically
significant.and Met mutants were extracted in SDS buffer in the presence of
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